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Self-assembled hollow nanosphere arrays used as low
Q whispering gallery mode resonators on thin film
solar cells for light trapping†
Jun Yin,ab Yashu Zang,a Chuang Yue,a Xu He,a Jing Li,*a Zhihao Wu*b and
Yanyan Fangb
Optical micro/nano-spherical cavities can be designed to confine light by generating resonances in
whispering gallery modes (WGM) and then couple them into the substrate through leaky modes, which
can be potentially used in thin film solar cells for absorption enhancements. In this work, the transparent
ZnO electrodes in a hollow nanosphere (HNS) structure were proposed as WGM resonators to trap
sunlight for the absorption enhancement in silicon thin film solar cells. A low cost and high throughput
template based technology was developed to fabricate the ZnO HNS arrays on the Si substrates.
Significant simulated absorption enhancement has been demonstrated on the ZnO HNS arrays decorated
thin film solar cell with an active layer down to 250 nm in thickness. A 9.3% enhancement in the short
circuit current density can be achieved theoretically by comparing the ZnO HNS array modified
amorphous Si thin film solar cell with an anti-reflection layer configured cell.
1. Introduction
For thin film solar cells, effectively absorbing light in the active
layer within a limited thickness is particularly important due
to the currently insufficient light absorption in an active layer
with its thickness scaling down to hundreds of nanometres.
Nanostructures have been attempted to be used on the next-
generation solar cells in order to obtain efficient tunable optical
absorption and charge separation.1–10 Recently, kinds of nanostruc-
tures have been widely proposed to induce the free incident light
coupling into guided modes along the active layer for effective
absorption within thin film solar cells, such as plasmonic struc-
tures11,12 or photonic crystal (PC) nanostructures.13,14
It is well known that light can be confined in an optically denser
transparent material if the incident angle from the denser material
to a thinner material is larger than the critical angle (yc), which
is generally defined as yc = arcsin(n2/n1), where n1 and n2 stand
for the refractive index of the optically denser and thinner
material respectively. When an optical cavity is designed in a
ring or spherical shape, the incident light will be confined due
to continuous total internal reflection and travels as guide
mode along the smooth edges of the cavity. Specific resonances
of light can be supported in the cavity when the light path is
equal to the integral multiple of a certain wavelength, which
is generally described as whispering gallery mode (WGM)
resonance.15,16 Various nanostructures have been fabricated
with the aim to achieve high light trapping efficiency and
excellent electrical properties by coupling the incident light into
particular modes or increasing the length of its optical path with
utilizing the WGM resonances.17–21 Cui et al. has demonstrated
the low-Q whispering-gallery resonant modes inside a spherical
nanoshell structure and their applications in enhancing the light
path in the Si active material and thus an absorption in a single
layer thickness of 50 nm can be achieved to be equivalent to that
in a 1 mm-thick planar nc-Si film.21 Grandidier et al. has theore-
tically and experimentally demonstrated that the light trapping
could be enhanced in thin film solar cells by utilizing the WGM
resonant dielectric structures.20 Zhu et al. has also reported that
light extraction on LED has been dramatically enhanced by using
wavelength-scale resonant dielectric nanospheres as whispering
gallery resonators.23 Recently, light confinement capacities and
trapping efficiencies in two-dimensional dielectric sphere arrays
have also been systematically investigated by researchers.24
In this work, low order WGM resonances in the self-assembled
ZnO HNS arrays are proposed to be employed in thin film silicon
solar cells for effectively enhancing light trapping efficiency. A
low cost and wafer scale fabrication process was developed to
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prepare these HNS arrays on Si substrates using self-assembled
polystyrene (PS) nanospheres as the template combined with
the magnetron sputtering technology.25 Several orders of WGM
resonances have been characterized in these ZnO nano-cavities
by the transmission spectroscopy and also been demonstrated
through the resonance patterns by FDTD simulations. In order
to obtain the most effective enhancements on thin film solar cells,
certain parameters in the ZnO HNS arrays, such as diameter, shell
thickness and distributions have been investigated. An up to 39%
absorption enhancement has been achieved in the crystalline
silicon (c-Si) solar cells after fabricating this ZnO HNS dielectric
transparent conductive oxide (TCO) layer on their top surfaces
compared with bare silicon. Also, the short circuit current density
can be obviously improved when applying this modified TCO
layer on thin film solar cells. The enhancement mechanism and
this TCO layer would be suitable for all kinds of thin film solar
cells, such as GaAs, CuInGaSe (CIGS), CdTe and Dye-Sensitized
Solar Cell (DSSC) etc.
For the modification in thin film solar cells, this kind of
nanostructure is fundamentally attractive and entirely different
from all other methods commonly known as anti-reflection
(AR) coatings. Its unique morphological structure can induce
the incident light to be confined and coupled into WGM
resonances in the dielectric layer acted by the monolayer ZnO
HNS arrays. This confined guided WGM mode light has a
considerable electric field intensity distribution at the outer
boundary of hollow spheres, which is known as the leaky mode,
and can be easily coupled into the active layer and travels as
guide modes. As a result, light absorption in the thin film solar
cells can be significantly enhanced. Moreover, as a wide band
gap semiconductor material with high optical transparency and
good electrical properties, ZnO also can be used as transparent
electrodes for thin film solar cells. Additionally, this kind of
TCO material has a large refractive index (n Z 2) in the visible
region of sunlight,26 which is attractive for producing cavities
with less material used.
2. Experimental
2.1 Fabrication of ZnO HNS arrays
The ZnO HNS periodic arrays were fabricated using the self-
assembled PS nanospheres as template combined with the
magnetron sputtering technology. Commercial PS nanospheres
purchased from Duke Scientific27 with diameters of 200, 350
and 500 nm were used as template materials to fabricated ZnO
HNS arrays in different sizes. The fabrication processes are
schematically shown in Fig. S1 (ESI†) by using the colloidal
template method28 as described in our previous work.25 Firstly,
the silicon and sapphire substrates in the size of 10  10 mm2
were successively ultrasonically cleaned in an acetone and
alcohol solution for 10 min, and then cleaned by deionized
water and dried in a vacuum oven. In order to obtain a hydro-
philic surface, the substrates were treated for the surface activa-
tion using O2 plasma in the plasma stripper (DQ 500) for 6 min
(radio frequency power 200 W and O2 flow rate 2.5 L min
1). The
spin-coating method was used to self-assemble monolayer PS
nanospheres both on silicon and sapphire substrates. A series
of reactive ion etching (RIE) etching times of 0, 30, 60 and 90 s
were applied to control the size and distribution of the PS
nanosphere templates. The shell thickness of the ZnO HNS was
controlled by ranging the deposition time in the magnetron
sputtering process. The film depositing rate was B4 nm min1
and the shell thickness ranges from 20 to 60 nm by applying a
series of deposition times. After the deposition of ZnO film, the
PS nanospheres were vaporized by annealing the samples at
500 1C for 30 min in ambient N2. Eventually, ZnO HNS arrays
were formed on the substrates and with an improved crystal
quality caused by the heat treatment.
2.2 Characterization
The morphologies of the ZnO HNS arrays were investigated using a
Hitachi S-4800 field-emission SEM. Transmission spectra of all the
samples on sapphire substrates were carried out on a UV-visible
spectrophotometer (Varian, UV-Vis Cary 300).
3. Results and discussion
3.1 TCO HNS structure for light trapping
Fig. 1a schematically shows the structure and mechanism of
the self-assembled TCO HNS array modified thin film solar cell
(so called TCO-HNS-Array solar cell) with light trapping improve-
ment capability that is studied in this work. As a comparison, a
traditional thin film solar cell modified by a planar TCO film (so
called traditional TCO-film solar cell) is also illustrated in Fig. 1b.
Both the solar cells consist of a stack of Ag (100 nm), aluminium
doped ZnO (AZO, 100 nm), and the active layers on substrates
from the bottom to up. In a conventional solar cell as seen in
Fig. 1b, most of the incident light travels through the active layer
in a radiation mode so that non-effective absorption occurs in the
active layer due to its limited thickness even with the presence of
the flat TCO AR layer. While in the TCO-HNS-Array solar cell
proposed in this work as that in Fig. 1a, light can be effectively
confined by the HNS arrays due to the WGM resonance in the
hollow nano-cavity and then coupled into guided and diffracted
modes within the active layer through leaky modes of resonances.
These guided modes have typically a propagation distance along
Fig. 1 Schematical illustration of the enhancement mechanisms in (a) self-
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the active layer film plane that is much longer than the thickness of
the film, thus light trapping enhancement can be accomplished in
a thin active layer.
In the following parts, the fabrication of the controllable
self-assembled ZnO TCO HNS arrays will be presented and
certain parameters in the ZnO HNS arrays, such as core diameter
(D), shell thickness (T) and distributions will be investigated with
the purpose to achieve an optimized absorption enhancement
on thin film solar cells.
3.2 As-fabricated ZnO spherical hollow structure
Large scale monolayer ZnO HNS arrays were successfully fabri-
cated using the colloidal PS nanospheres as the template by
employing the procedures in previous works,25,29 as shown in
Fig. 2a (using the 500 nm PS nanospheres as the template) and
Fig. S2 (ESI†). Apparent diffraction colours can be seen on the
fabricated ZnO HNS arrays on a silicon substrate as shown in
Fig. S2b (ESI†), which should come from the elastic coherent
scattering from the ZnO HNS arrays and happen at specific angles
satisfying Bragg’s equation. Fig. 2b shows detailed information of
the individual ZnO HNSs, which clearly demonstrates the hollow
and ideal spherical structure. Smooth surfaces can be visualized in
the internal morphology of this optical cavity, which is beneficial
for light resonating in the hollow structure. The cross section image
indicates the ideal spherical hollow structure except the contact
area with the substrate. The actual core diameter was measured
to be 450 nm when using the 500 nm PS nanospheres as templates
followed by RIE etching for 30 s and the shell thickness was
measured to be 40 nm.
In order to verify the light confinement and trapping proper-
ties on the fabricated ZnO HNS arrays, transmission spectra of
the ZnO HNS arrays on sapphire substrate were measured and
compared with the FDTD simulation result as shown in Fig. 2c.
Several distinguished valleys can be found at wavelengths of
400, 450, 530 and 700 nm in the transmission spectrum, which
should originate from the WGM resonances in the ZnO hollow
nano-cavity and can be attributed to the corresponding resonance
orders. The WGM resonance in the cavity produces a broad angle
scattering of the incident light, which presents as a dip in the
transmission spectra near the resonance wavelength.21,24 The
FDTD simulation result agrees well with the corresponding
resonance wavelengths except for a little shift for the second as
marked in black arrow in the figure. Although the quality (Q)
factor of the resonance only reaches B10 obtained from the
transmission spectra, the widened resonance valleys combined
with each other can cover entire visible light region, which is
attractive for broadband light management on solar cells.21 It
can also be noticed that resonance could not happen when the
energy of the incident light is larger than the band gap energy
of ZnO since most of the light in the UV region is intrinsically
absorbed by the ZnO shell. The transmission spectra evidently
show the light confinement properties within this dielectric
hollow ZnO HNS array, which can be potentially used for light
trapping on photovoltaic devices.22
To further study this light trapping application, the reflectance
spectra on ZnO HNS array modified Si substrates were simulated
by employing different diameters and shell thicknesses in these
hexagonal packed dielectric HNSs, as shown in Fig. 2d. As the
comparison, the reflectance spectra on a bare flat Si surface (black
line, average reflectivity: 37.2%) and the Si substrate with a
standard flat Si3N4 AR layer (green line, average reflectivity:
15.3%, an optimized AR layer on silicon with the thickness of
80 nm) were also calculated. It can be seen in Fig. 2d that the
average reflectivity of Si has been reduced after integrating ZnO
HNS arrays on the surface. An average reflectivity of 22.5% is
obtained when the ZnO HNS arrays with a core diameter of
450 nm and shell thickness of 40 nm were decorated on the Si
substrate. While an optimized maximum reflectance reduction
can be realized with the average reflectivity reaching 7.5% when
the core diameter and shell thickness of the decorated ZnO
HNSs were adjusted to 200 and 80 nm respectively, which is
much lower than that of 15.3% on the Si surface deposited by
the standard Si3N4 AR layer. Thus it is fundamentally reason-
able to apply these ZnO HNS arrays on thin film solar cells for
light trapping efficiency improvement.
3.3 Light confinement in ZnO HNS arrays
In order to better understand the light confinement capacity and
scattering properties of the ZnO hollow structure, the full wave
FDTD calculations were performed to simulate the resonance
spectra and corresponding scattering efficiency in this dielectric
3-D nano-cavity. As illustrated in Fig. 3a, a broadband dipole
source was placed in the shell layer at the bottom of a typical
ZnO HNS with a core diameter of 450 nm and a shell thickness
of 40 nm and a pulse was sent into this nano-cavity, resulting in
Fig. 2 SEM images of (a) as-fabricated ZnO HNS arrays and (b) the individual
ZnO HNSs with detailed information: (i) surface morphology in higher magnifica-
tion; (ii) internal morphologies of the inverted ZnO HNSs; (iii) the cross-section
image of ZnO HNS arrays. The ZnO HNS arrays were fabricated using the 500 nm
PS nanospheres as the template followed by RIE etching for 30 s and have a core
diameter D = 450 nm and shell thickness T = 40 nm. (c) Measured (black) and the
simulated (blue) transmission spectra of the ZnO HNS arrays on a sapphire
substrate. (d) Simulated reflection spectra from hexagonal ZnO HNS arrays in a
constant period P = 500 nm with core diameters D = 450 nm, shell thickness T =
40 nm (red) and core diameters D = 200 nm, shell thickness T = 80 nm (blue);
reflectance from a flat Si surface (black) and a Si substrate with a standard Si3N4
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different simultaneously excited cavity modes. The resonance
spectra intensity was recorded by a point time monitor placed
on the other side of the shell layer. As shown in Fig. 3a,
different simultaneously excited cavity modes can be resolved
in a single ZnO nano-cavity. To obtain the pattern of each
resonance mode, a plane wave source with the relevant wave-
length at each resonance peak centre was applied in simulation for
a single ZnO HNS and the electric field distribution was recorded as
shown in Fig. 3b. The incident direction and the polarization are
also shown in each individual resonance pattern. According to the
near field distribution extracted at each resonance wavelength as
illustrated in Fig. 3a, the resonance peaks can be identified to be
the second to fifth order WGM resonance modes. The Q factor of
each mode can be calculated by the variation of the electric field at
a certain time in one location inside the cavity.30 The Q factor
for the fifth order resonance is as high as 37 in this small
volume cavity. Other resonance modes with lower Q factors,
such as in the second, third and fourth order, could also be
realized in the visible light region. These related series of WGM
resonances covering the whole visible light region are very
important for light management over a full wavelength when
this kind of cavity arrays is applied on solar cells.
Fig. 3c shows the calculated scattering efficiency of a single
ZnO HNS nano-cavity by a total-field scattered-field method,
where the scattering efficiency is characterized as the ratio of
scattering cross-section to the geometrical cross-section according to
the Mie theory and generally reveals the scattering capacity of
nanoparticles.31,32 Several distinguished resonance peaks can be
resolved in the scattering efficiency spectra, which are well consis-
tent with the resonance peaks as shown in Fig. 3a. This can imply
that the outstanding light scattering is mainly contributed by the
light that was confined in the ZnO HNS dielectrics layer where
the WGM resonance happens. Also, the fact that the scattering
efficiency values of all the resonance modes are larger than 1
further demonstrates the attractive potential of this ZnO HNS
nano-cavity structures in light trapping applications.
3.4 Size effect
Since the resonance in the optical cavity is generally influenced
by the size and dielectric environment, it is reasonable to
manipulate the light in the ZnO HNS arrays by adjusting their
diameters. The feasible fabrication method to optimize the size
of the ZnO HNS can be realized by employing a specific PS
nanosphere template. Fig. 4a–c show the surface morphologies
of the as-fabricated ZnO HNS arrays in different sizes by using
series of PS nanosphere templates with various diameters of 200,
350 and 500 nm, where the samples are named 200nm_PS_30s,
350nm_PS_30s and 500nm_PS_30s, respectively. The ZnO film
deposition time is 40 min and the shell thickness is 40 nm on
average. In order to eliminate the impact of the contact between
close packed PS nanospheres, all the templates were etched by
RIE for 30 s. It should be clarified that the actual size of
the fabricated ZnO HNSs is smaller than the diameter of PS
nanospheres in the templates due to further shrinking of the PS
nanospheres caused by the electron bombardment and the
stress of the deposited film during the RF magnetron sputtering
process. It can be seen from the transmission spectra as shown
in Fig. 4d that all the samples have effective light confinement
capacities due to WGM resonances in the ZnO HNS nano-cavity
by comparing with bare ZnO film prepared at the same deposi-
tion conditions. Furthermore, as the diameter of the ZnO HNS
increases, WGM resonances in more orders appear in this optical
cavity. For the 200nm_PS_30s sample with the smallest size
among these samples, there is only one less obvious resonance
valley located at B500 nm as shown in the corresponding
transmission spectrum. Apparently, cavity with a smaller size
supports less resonance modes in the visible region, which would
not be favour for the broadband light management. As the size of
the cavity increases, two resolved resonance modes appear in the
350nm_PS_30s sample with the valley range widened to nearly
cover fully the visible region, which is well understood to be due to
the low Q factor of those modes. For sample 500nm_PS_30s, four
Fig. 3 Calculated (a) resonance spectra, (b) corresponding resonance pattern
for each resonance order and (c) the scattering efficiency of a single ZnO HNS
nano-cavity (D = 450 nm, T = 40 nm). The dipole source was placed in the shell
layer at the bottom of the cavity and a point time monitor was placed on the
other side of the shell layer as shown in (a). The incident direction and the
polarization are shown in the figure.
Fig. 4 SEM images of as-fabricated ZnO HNS arrays in different sizes by using
different diameters of (a) 200, (b) 350 and (c) 500 nm PS nanospheres as
templates; (d) the corresponding transmission spectra of the sample (a)–(c) by
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distinguished resonance valleys can be seen in the transmis-
sion spectrum extending to the whole visible region, which
becomes the best candidate among those samples to be poten-
tially applied on solar cells for the broadband light trapping
enhancement.
3.5 Effect of the shell thickness
Besides that the diameter of the ZnO HNS would affect the
effective optical path along the shell in the spherical resonator,
the shell thickness would also influence the resonance modes
in the optical nano-cavity. For a given core diameter (D) of the
ZnO HNS cavity, a thicker ZnO shell means a longer optical
path along the ring shell layer, which allows the longer wave-
length to resonate in the cavity and higher order resonance
modes to appear. So, it is proposed that the light management
by the ZnO HNS WGM resonators on the solar cells can also be
adjusted by changing their shell thickness (T). Fig. 5a shows the
experimental results measured by transmission spectroscopy in
the ZnO HNS array samples. All samples were prepared on
sapphire substrates using 500 nm PS nanospheres followed by
RIE etching for 30 s, resulting in the core diameter of a single
ZnO HNS being 450 nm in average. The shell thickness was
ranging from 20 to 60 nm, which was controlled by adjusting
the ZnO film deposition time from 10 to 60 min. It can be
found that more resonance valleys successively appeared as the
shell thickness increased. In the sample with a shell thickness
of 20 nm only one obvious resonance valley can be found,
while five resonance valleys are present in the 60 nm-shell-
thickness sample. Apparently, the light confinement property
of ZnO HNS arrays has been successfully manipulated by
varying the shell thickness.
FDTD simulations were carried out to further investigate the
influence of the shell thickness on the resonance modes in a
ZnO HNS nano-cavity, as shown in Fig. 5b. The core diameter
and shell thickness of ZnO HNS used in the simulation are
consistent with the size in the experimentally fabricated ZnO
HNS arrays as in Fig. 5a. As the shell thickness increases, a
certain resonance mode undergoes a red shift in its peak
wavelength and a new higher order resonances successively
appears, owing to the elongated effective optical path along the
shell surface. It can be found that the WGM resonance in
the ZnO HNS arrays as the function of the shell thickness has
the same trend in both the experimental and FDTD simulation
results. Exceptionally, the Q factor rises as the shell thickness
increases until 35 nm and then declines slightly as shown in the
experimental results in Fig. 5a, which is not consistent with the
FDTD simulation results as seen in Fig. 5b. This is mainly
because of the inhomogeneous thickness of the shell prepared
in experiments by changing the deposition time. The resonance
spectra in a ZnO HNS with a shell thickness ranging from 10 to
100 nm were also simulated, as shown in Fig. S3 (ESI†). It can be
seen that as the shell thickness increases the more resonance
peaks in higher orders show up, leading to more resonance
peaks present in the resonance spectra, which is consistent with
the experimental results. Both the experimental and the FDTD
simulation results demonstrate that the shell thickness plays an
important role on the WGM resonance properties as well as the
light manipulation ability in the ZnO HNS arrays.
3.6 Effect of the distribution
As the resonance modes in an optical cavity are sensitive to the
external dielectric environment, optimizing the distribution of
those ZnO HNS cavities is also important for light manipula-
tion. In this work, RIE etching was introduced to adjust the
diameter of the PS nanospheres with series of etching times
and thus the size and distributions of ZnO HNS arrays can be
controlled. Fig. 6a and b show the SEM images of as-fabricated
ZnO HNS arrays using 350 and 500 nm PS nanospheres as the
templates and each of them has been etched by RIE for 0, 30, 60
and 90 s, respectively. The RIE etching rate on the PS nano-
spheres by O2 plasma is B1 nm s
1. All the sample templates
were subsequently deposited with ZnO film for 40 min in the
magnetron sputtering system and the average shell thickness is
about 40 nm. It can be seen that the diameter of ZnO HNSs
decreases as the etching time increases, while the gap between
the nanospheres is enlarged. After being etched for 30 s,
the gaps between PS nanospheres appeared and the shell
thickness of ZnO HNSs fabricated on the etched template tend
to be more uniform as compared to those on the PS template
without the etching. Apparently, RIE etching on PS templates is
an effective method to adjust the diameter and distribution of
the ZnO HNS arrays for the purpose of light management.
It can also be noticed in Fig. 6c that the actual core diameter
was measured to be B480 nm when using the 500 nm PS
nanospheres as templates without any O2 plasma etching,
which is much smaller than the diameter of original PS nano-
spheres. This is because of the additional shrinking of the
PS nanospheres in templates due to the electron bombardment
and the stress of the deposited film during the RF magnetron
sputtering process. The core diameters were measured to be
450, 380 and 304 nm on average when using the 500 nm PS
nanospheres as templates followed by RIE etching for 30, 60
and 90 s, respectively.
The corresponding transmission spectra for the samples in
rows a and b are displayed in Fig. 6d and e, respectively. It can
Fig. 5 (a) Experimental transmission spectra of ZnO HNS arrays with changing
the shell thickness (T); (b) the shell thickness (T) dependence of the resonance
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be noticed that as the etching time on PS templates increases,
the WGM resonance wavelength of each individual order in
the relevant sample’s spectrum undergoes a blue shift. As an
example, the second order WGM resonance apparently experi-
ences a shift to a higher frequency with enlarging the
separation between ZnO HNSs, which is marked with the
black arrows in each sample’s transmission spectrum. This
can be attributed to the effective wavelength along the dielectric
shell layer becoming shorter when the size of an optical cavity
decreases, which is similar to the mechanism in traditional
planar waveguides. Consequently, a certain resonance at a
shorter wavelength would occur in a shrunk ZnO HNS optical
cavity. Due to the anisotropic characteristic of the RIE etching
on the surface of PS nanospheres, the perfect spherical
shape was gradually destroyed as the O2 plasma etching time
increased to 90 s, resulting in a cavity with lower light confine-
ment capacity. This is also evidenced by only a few resonance
valleys resolved in the transmission spectra, as shown in
Fig. 6d and e.
3.7 Enhanced absorption within silicon solar cells
Given the incident light can resonate in the optical cavity and
be easily coupled into the substrate to enhance the absorption,
the light trapping properties induced by the light confinement
effect in ZnO HNS arrays were further investigated using the
FDTD method. The light absorption in a c-silicon substrate
decorated with these ZnO optical arrays under AM 1.5 sunlight
irradiation was simulated, where the calculation model is
schematically shown in Fig. 7a. Here, the c-silicon substrate was
chosen for investigating the absorption enhancement capability
of this nanocavity layer as compared with that in the standard
Si3N4 AR layer, which is generally employed as both a passivation
and an anti-reflective layer on c-silicon solar cells.
The core diameter (D), shell thickness (T) and period (P) are
the main parameters of the ZnO HNS arrays, which intensively
impact the light confinement properties as well as the light
trapping on the Si substrate. In order to investigate the influence
of the above each parameter on the absorption enhancement in
c-Si, the number of photons absorbed (NPA) as a function of D, T
and P in the ZnO HNS arrays were calculated separately when
other parameters were kept constant. The specific calculation
details can be found in the ESI.† All resulting enhancement ratios
were compared with those on bare Si substrate as displayed in
Fig. 7b–d. For the constant P of 500 nm and T of 60 nm, the
absorption enhancement ratio on c-Si increases as D decreases,
as shown in Fig. 7b. Fig. 7c shows that the enhancement ratio
rises as T increases to 80 nm and then decreases gradually, where
the P and D were kept constant at 500 and 300 nm respectively. It
is also demonstrated that the effective enhancement by the ZnO
HNS arrays fabrication needs the necessary interval distance
Fig. 6 SEM images of as-fabricated ZnO HNS arrays using (a) 350 nm and (b) 500 nm PS nanospheres as the templates treated with different RIE etching times of 0,
30, 60 and 90 s; (c) statistics illustration of the diameter change versus the etching time on PS templates; (d) and (e) show the transmission spectra of the samples in
row (a) and row (b), respectively. The spectra in (d) and (e) were plotted as stack line by y axis offset and the black arrows marked in each spectra indicates the blue shift














































16880 Phys. Chem. Chem. Phys., 2013, 15, 16874--16882 This journal is c the Owner Societies 2013
between HNSs as shown in Fig. 7d. A considerable enhancement
value can be achieved when P reaches 500 nm and continually
increases to 1000 nm for the HNS arrays with D = 300 nm and
T = 60 nm. The simulation results indicate that a smaller D,
suitable T and enough interval distance P are required to
achieve an effective enhancement on the c-Si modified with
the ZnO HNS arrays.
Fig. 7e shows the simulated absorption enhancement ratio
as a function of D and T in the ZnO HNS arrays fabricated with
P = 500 nm. The enhancement value rises as D and T increase. A
maximum enhancement value of 39.0% can be achieved when
D = 140 nm and T = 70 nm, which is comparable to the
simulated value of 38.9% when using the standard Si3N4 AR
layer with a thickness of 80 nm on the c-Si wafer. However, the
enhancement mechanisms are definitely different from that
within the Si3N4 AR coating layer/c-Si structure. The AR coating
layer produces a 1801 inversion in the phase of the incoming
wave and this causes the reflections from the two interfaces
(air/Si3N4 and Si3N4/silicon) to cancel out, resulting in the
antireflection effect. Then the incident light penetrates through
the Si active layer for effective absorption, while for the HNS
arrays used for light trapping, light is scattered into the
substrates through leaky modes of light that are confined in
the optical nanocavity. Most of the incident light can be
coupled into a guide mode along the active layer plane for
effective absorption. Additionally, the corresponding current
density mapping of this ZnO HNS arrays decorated c-silicon
solar cell under AM 1.5 sunlight as function of the D and T with
the constant P = 500 nm has also been calculated and compared
with the Si3N4 AR layer modified and bare c-silicon solar cells,
as seen in Fig. S4 (ESI†). Therefore, the results demonstrate that
the ZnO HNS array dielectric layer with optimized parameters
can be potentially used for light trapping on solar cells due to
its light confinement and scattering properties. However, this
absorption enhancement mechanism is fundamentally much
more beneficial for the thin film solar cells than for the c-silicon
wafer solar cell, since the limited thickness of the absorption
layer scaling down to sub-micrometres with un-effective light
absorption is the common characteristic in thin film solar cells.
By employing this unique ZnO HNS array layer on a thin film
solar cell, the incident light can be coupled into guide modes
and travels along the 2-D active layer plane for effective absorp-
tion, as illustrated in Fig. 1.
In order to verify the capability of light absorption improve-
ments on the practical thin film solar cells using the self-
assembled ZnO HNS array dielectric layer, the enhancements
of the short circuit current were calculated on a typical single-
junction amorphous silicon (a-Si) solar cell. The a-Si solar cell
configuration consists of, from bottom to top, a 100 nm silver
optical reflector, a 100 nm thin AZO spacer layer, the a-Si film
with a thickness of 250 nm and the TCO HNS arrays as shown
in Fig. 8a. Here, the Al:ZnO ARC film is chosen as a general
comparison since it is often used as a conductive layer besides
its anti-reflective effect in the common a-Si thin film solar cell
fabrication process.33 The short-circuit current density as a
function of the D and T with constant P = 500 nm was calculated
and mapped in Fig. 8b. The maximum short-circuit current
density of 22.8 mA cm2 can be obtained when D = 220 nm
and T = 140 nm. As a comparison, the short circuit current
density in the same solar cell configuration using a normal
optimized 80 nm AZO AR layer instead of the TCO HNS arrays
as the conductive layer was calculated with a resultant value of
20.7 mA cm2. There is a 10.4% enhancement in this TCO-HNS-
array-decorated thin film a-Si solar cell. According to the
Fig. 7 (a) The FDTD simulation model with the ZnO HNS arrays on a bare Si substrate; absorption enhancement ratio versus (b) core diameter (D), (c) shell thickness
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previous experimental results, the D in the ZnO HNS arrays can
be technically adjusted to 250 nm by employing the O2 plasma
etching on the 500-nm PS nanosphere template. In this case, an
acceptable integrated absorption ratio can still be achieved in
the ZnO HNS array/a-Si solar cell and the short-circuit current
density of this solar cell is enhanced to 22.6 mA cm2 with
a 9.3% enhancement as compared to that in the 80 nm-AZO-AR-
layer solar cell, as shown in Fig. 8c and d (D = 250 nm,
T = 110 nm). So, it is meaningful to proceed to further
experimental work by fabricating the ZnO HNS arrays on the
real solar cell fabrication for better device performance.
The angle dependent light absorption on c-silicon solar cell
and a-silicon thin film solar cell decorated with ZnO HNS arrays
has also been investigated and compared to the single AR layer
coated cells, as shown in Fig. S5 (ESI†). It has been demon-
strated that the light at high incident angles into the ZnO
HNS arrays decorated solar cells can still be effectively coupled
and absorbed through the WGM-resonators light trapping
mechanism. By the way, the mechanical stability of these
ZnO HNS arrays should be addressed with concern for their
practical applications in thin film solar cells. Except for the
annealing process in this work, in our other works metal
depositions25,34 and solution process35 have also been per-
formed on these arrays, in which the hollow structures remain
unchanged. The ZnO HNS arrays have also been successfully
fabricated on the flexible substrates, such as PMMA (poly-
methyl methacrylate) as shown in Fig. S6 (ESI†). The trans-
mission spectra in Fig. S6b (ESI†) exhibit almost the same even
after bending the substrate twenty times, which demonstrates
the good flexibility and mechanical stability of the ZnO HNS
structure so that it can withstand other chip fabrication
processes for practical applications in solar cells, including
flexible thin film solar cells.
4. Conclusions
The light confinement properties of the TCO hollow nano-
sphere arrays due to WGM resonances are experimentally and
theoretically investigated. The incident light in a radiation
mode can be coupled into the guide mode through leaky modes
of the WGM resonance in this optical cavity, which is the key
feature used to enhance the light trapping for thin film solar
cells in our work. Compared with the traditional anti-reflection
films, effective enhancements can be achieved on the ultra-thin
film solar cells when using this TCO HNS layer modification.
Moreover, the fabricating process exhibits the merits of the low
cost, wafer scale and feasible integration into the thin-film-
solar-cell production processes. Broadband light management
can also be realized by adjusting the diameter and shell
thickness of the HNS arrays, which presents an attractive
potential application for enhancing the performance of a wide
range of optical devices, such as thin film solar cells and light
emitting devices.
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Fig. 8 (a) Solar cell configuration with the ZnO TCO HNS arrays decorated on a thin a-Si layer with a thickness of 250 nm; (b) mapping pattern of the short-circuit
current density as function of D and T with constant P = 500 nm; optimized maximum absorption enhancement on a-Si solar cells decorated with TCO HNS arrays in a
period of 500 nm characterized in (c) the absorption ratio and (d) the corresponding current density under AM 1.5 sunlight as compared to those on the same solar cell
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24 M. López-Garcı́a, J. F. Galisteo-López and C. López, Phys.
Rev. B: Condens. Matter Mater. Phys., 2012, 85, 235145.
25 J. Yin, Y. S. Zang, C. Yue, Z. M. Wu, S. T. Wu, J. Li and
Z. H. Wu, J. Mater. Chem., 2012, 22, 7902.
26 Y. S. Park and J. R. Schneider, J. Appl. Phys., 1968, 39, 3049.
27 http://www.thermoscientific.com/ecomm/servlet/products
catalog_11152_10506_87436_-1_4.
28 F. Caruso, R. A. Caruso and H. Möhwald, Science, 1998,
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